Abstract-The development of More Electrical Aircraft has lead to the adaptation of their electrical architecture and their capacity of power generation and storage. Therefore, generation and storage systems must be well sized to match their energetic performances versus the vehicle requirements. This paper deals with the optimal sizing of storage systems (secondary batteries and supercapacitors) for an aircraft. In this particular application, the global weight of the whole storage system must be minimized. An optimal sizing tool has been developed to reach this objective by acting on setting parameters that are the cut-off frequency of the low-pass filter (to share out the mission profile between storage systems according to an energy management based on a frequency approach), the discharge ratio for storage components (in relation with their technological limits and the electrical network specifications), and temperature (which can be seen as an environmental constraint as well). The optimization results, which are obtained with the simulated annealing method implemented in MATLAB, are presented and assessed throughout the whole temperature range. Finally, the impact of setting parameters on the global storage system weight is studied, and an adaptation of the energy management strategy is presented to take into account the temperature influence on battery performances.
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systems [1] . To provide the growing energetic requirements, electrical energy storage systems (EESS) are integrated in new electrical architectures in complement to usual generators of electrical energy. In some operation modes, such as engine start, taxiing time, or electrical emergency backup, EESS can be the only available sources in the aircraft. Therefore, they provide all or some of the required energy, depending on the hybridization rate and on the mission profile. Moreover, EESS can also be useful to improve the reliability, the stability, and the quality of the electrical network. Thus, they contribute to the onboard energy management. In our aeronautic application, the embedded EESS are supercapacitors and secondary batteries because of their complementary characteristics, which are summed up in Section II. Then, the considered electrical system, including EESS, is presented in Section III. In Section IV, a method is detailed for the optimal sizing of EESS. After the presentation of the sizing results, their relevance is assessed in Section V, and the influence of setting parameters is analyzed in Section VI. Section VII concludes the paper.
In [2] - [4] , sizing tools for supercapacitors or secondary batteries were suggested, where only one storage system is sized at a time and with one prechosen cell. In a previous work [5] , a tool was developed to size both EESS in parallel by choosing the appropriate cell among the libraries and by acting on the dispatching of the energetic requirements between storage systems, through the cut-off frequency of a low-pass filter, used for the energy management.
In this paper, the previous sizing method (developed in [5] ) is improved with an optimization algorithm. The aim of this updated sizing tool is to reduce the global storage system weight, by taking into account several constraints (environmental and electrical ones) and by adjusting some parameters, such as the discharge ratio of storage components, the ambient temperature, and the cut-off frequency from energy management strategy.
II. ENERGY STORAGE SYSTEMS IN AIRCRAFT
Recent developments in electrical dc distribution, in power electronics, and in storage systems have been increasingly implemented in aircraft [1] . Thanks to the integration of EESS, the hybridization of power sources, the energy recovery, and the electrical supply in specific in-flight phases become possible. They also improve the electrical system reliability. For instance, the Boeing 787 was the first aircraft to embed a lithium-ion bat-0018-9545 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. tery. Other studies concern the implementation in some aircraft of EESS, such as the lithium-ion battery [6] and the supercapacitor bank [7] . Our aeronautic application needs to embed energy storage components, which can provide or recover electrical power. Two EESS, i.e., supercapacitors or double-layer capacitors and lithium-ion polymer batteries, were chosen because they are complementary [8] , [9] . First of all, their energetic performances (specific energy and power) complement one another, as seen usually in Ragone plots [10] , [11] . For supercapacitor systems, the specific energy is between 5 and 15 Wh · kg −1 , and the specific power is between 800 and 2000 W · kg −1 . As for lithium-ion polymer battery systems, the specific energy is between 120 and 140 Wh · kg −1 , and the specific power is between 10 and 1000 W · kg −1 . Moreover, supercapacitor and lithium-ion polymer battery are complementary on other characteristics, such as discharge time, life duration (number of cycles), energetic efficiency, and autodischarge rate. The discharge time for supercapacitors is rather low (about few seconds [10] ) in comparison with other storage systems, such as lithium batteries. Their discharge time is about several minutes or hours and depends on the discharge current-rate. The life duration of a lithium battery is higher than the lifetime of lead or nickel batteries [9] but lower than the supercapacitor's one. Indeed, the number of cycles is around 1500 for lithium-ion polymer batteries and between 100 000 and 500 000 for supercapacitors [9] . Both of these storage components have a good energetic efficiency, which is between 95% and 98% for a supercapacitor, and close to 100% for a lithiumion polymer battery (because of the nonaqueous electrolyte). This kind of battery also has a low autodischarge rate, which is between 0.1% and 0.5% a day, whereas the supercapacitor autodischarge rate is more important and about 5% a day [11] .
A graphical comparison of these storage systems is suggested in [5] through a spider web diagram and a five-level scale, where the fifth level indicates the best performance. This diagram is shown in Fig. 1 and is completed with a seventh criterion, which is EESS behavior according to temperature. In fact, characterization results, presented in [12] and [13] , show that supercapacitors and lithium-ion polymer batteries can be associated because their performances are complementary, particularly at low temperature. 
III. ELECTRICAL POWER SYSTEM ABOARD THE AIRCRAFT
In this section, the embedded electrical power system, which is composed of dc bus, converters, loads and sources, and storage components, in particular, is described. Then, the strategy to dispatch load requirements between available sources is explained according to mission phases.
A. Electrical Power System
Generally, aircraft electrical systems include devices for the electrical energy generation, storage, conversion, and distribution. The studied electrical power system is shown in Fig. 2 . It is composed of a main supply device: the generator and storage systems, such as secondary batteries and supercapacitors. These different sources (generator and storage systems) are connected to the network through converters. The advantages of this configuration are the voltage regulation (normative requirement according to standards [14] ) and the current control of the different sources (mandatory for energy management). This electrical architecture is considered to design the sizing tool because it is the most complete and complex electrical power system for this type of aircraft. In future work, other electrical architectures will be studied, for instance, with two sources (generator and one EESS), either directly linked to the dc bus, or through converters.
In an aircraft, there are a lot of electrical consumers. The various load profiles are gathered together to give a global load profile, as commonly done in other applications [15] , [16] . Within a mission profile, two phases can be distinguished: The starting phase where the aircraft is still on the ground and the in-flight phase.
In our application, the EESS role is to contribute to meet all or some of the energetic requirements, depending on the mission phase and the availability of the main generator.
B. In-Flight Energy Management
The aim of the energy management is to control sources (generator and EESS) so that they are used at their nominal operating point and in order to avoid operation in unfavorable conditions, such as high dynamic power contribution for generator (high impact on fuel consumption) or inconvenient cycling and operation at low temperature for batteries. Fig. 3 . Energy management based on a frequency approach adapted to three sources, where W G E N is the energy provided by the generator, W S C A P is the energy from the battery system, and W S C A P is the energy from the supercapacitor system.
The energy management, which has been developed for our application [17] , dispatches the load requirements to the three sources, while respecting their energetic performances and their technical characteristics. The supercapacitor system, usually considered as a power source, is able to provide or to recover power peaks (P SCAP ), whereas the secondary battery system, considered as an energy source, is capable of providing power during a long time or transient power with a low dynamic rate (P BAT ). The generator supplies the average power with slow dynamics (P GEN ).
This energy management is based on a frequency approach. The energetic distribution is carried out with two low-pass filters (characterized by two cut-off frequencies f C 1 and f C 2 ), as shown in Fig. 3 . High-frequency power is assigned to the supercapacitors (SCAP), low-frequency power to the generator (GEN), and intermediate-frequency power is assigned to the battery system (BAT).
The energy management also aims to maintain EESS statesof-charge (SoC) at certain level to face possible failures. In this way, EESS are systematically recharged after a discharge phase where they provide power with different dynamic rates. Their energy supply is globally around zero during this stage.
C. Energy Management for Starting Phase
The starting phase consists of the beginning of a mission profile, when the aircraft is still on the ground. This starting time lasts around 20 min. Actually, the starting profile is repetitive whatever the missions are, because the starting procedure is a routine.
During this stage, EESS are the only available sources because the generator has not started yet thus cannot provide any continuous power [17] . In fact, the supercapacitor system is in charge of the dc bus voltage control (because of its high dynamic power response) and the battery system provides energy during this phase. The generator, which will be started at the end of this stage, will provide a constant power to supply auxiliaries and recharge EESS. At the beginning of the starting phase, EESS are supposed to be fully charged, and at the end of this stage, EESS can be fully discharged.
Therefore, the starting profile is particularly critical for the EESS operation. Hence, this paper deals with the sizing of storage components on the higher critical mission phase, which is the starting time.
Eventually, the cut-off frequency f C 1 is not included in this study because the generator is not available during the starting phase. The cut-off frequency of the second low-pass filter f C 2 is one of the variables for the storage system sizing tool.
IV. OPTIMAL SIZING OF ELECTRICAL ENERGY STORAGE SYSTEM
EESS sizing consists in determining the suitable cell and combination of cells for each storage system so as to match their performances with the energetic requirements of the application. In an aircraft, the objective is to minimize the global system weight (and particularly the storage system weight). To reach this objective, a sizing tool has been developed and its algorithm is summed up in Fig. 4 . The input data of this tool are detailed in Section IV-A. They are component libraries from suppliers and energetic requirements, represented by a load profile, which is a power profile. The sizing tool takes into account several constraints, such as electrical limits, which are reviewed in Section IV-B. In Section IV-C, the sizing algorithm is described step by step, with a focus on setting parameters. Variables are discharge ratios for storage components, ambient temperature, and cut-off frequency in relation with the energy management strategy. Finally, the optimization results are presented in Section IV-E.
A. Sizing Tool Inputs
The sizing tool inputs are on one hand the energetic requirements that storage systems have to meet, and on the other hand characteristics of real components from supplier libraries.
1) Energetic Requirements for Each System:
The energetic requirements are usually represented in the form of load profile (or power profile), such as that defined in Section III-A. The mission profile during starting phase is the most critical profile for EESS because they are the only available sources when the aircraft is on the ground and the generator is not started yet. Afterward, these requirements are shared out between both storage components with a low-pass filter to determine the specific requirements (energy and power) for each EESS. As shown in Fig. 3 , the global required power is dispatched in four values for EESS: useful energy W u SCAP req and maximal power P max SCAP req for supercapacitor system and useful energy W u BAT req and maximal power P max BAT req for secondary battery system. These values are input data for the sizing tool, and the cut-off frequency f C 2 is a setting parameter.
2) Database of Storage Cells: The sizing of storage components is carried out by considering real cells, whose characteristics are based on simple models. For supercapacitor cells, the main characteristics are the capacitance C scap and the internal resistance R scap , based on a standard model [18] . As for battery cells, their main characteristics are the capacity C bat , the open-circuit voltage E 0 bat (which is in relation with the SoC) and the internal resistance R bat , based on a quasi-static model, also called the Thevenin equivalent model [19] . The sizing tool is organized so as to review each cell from a database given in Table I for Maxwell supercapacitors and in Table II for Kokam batteries. 
B. Constraints on the EESS Sizing
Storage components included within a network progress in an environment, which has to be taken into account as a constraint for their sizing.
1) Technological Limits of Components:
The first constraints for storage systems are electrical ones, which are their own technological limits, such as the maximal current (I max scap and I max bat ) acceptable by cells and the minimum and maximum cell voltages (U max scap , U min scap , U max bat , and U min bat ). Their values are given for each cell by manufacturers in Tables I and II. 2) Environment Influence: The second electrical constraint is due to the EESS integration in a network. In fact, the storage system voltages (U SCAP for the supercapacitor bank and U BAT for the battery system) are in relation with the network voltage U bus , even if there are converters to connect storage systems to dc bus (see Fig. 2 ). In our application, as considered choppers are boost converters, the EESS maximal voltages must be lower than the minimal dc network voltage U min bus , and the EESS minimal voltages must be higher than the half of the nominal dc network voltage U nom bus , which is given as
Another kind of environmental constraint can be the ambient temperature. In fact, it has a significant influence on storage system performances, and especially on battery's ones. However, temperature is not considered as a constraint in this study, but as a setting parameter of the sizing tool, so as to observe its impact on sizing results. Temperature can be considered as a constraint because the aircraft is equipped with a global cooling system that maintains the EESS temperature. Nevertheless, at the beginning of the starting phase, the cooling system is not operating yet and EESS must ensure the power supply at any temperature. At low temperatures, battery performances are reduced whereas supercapacitor's ones are constant. Thus, batteries and superca-pacitors are associated so that the decrease in the performance of battery at low temperatures can be counterbalanced by the availability of the supercapacitor bank.
3) Temperature Influence on Cell Parameters: In previous studies [12] , [13] , the temperature influence on the storage device parameters was determined and is expressed by (3) for supercapacitor resistance and by (4) and (5) for battery resistance and capacity. The impact of temperature on the supercapacitor capacitance is neglected.
where R scap@25 • C , R bat@25 • C , and C bat@25 • C are the nominal values for resistances and capacity at 25°C, and T is temperature.
C. Method for Supercapacitor Bank and Battery Sizing
The sizing method for both storage systems is detailed below, step by step.
First, the maximal energy is determined from the useful energy, by taking into account the discharge ratio or the depthof-discharge for each source. For battery system, the depthof-discharge d bat req expresses the relation between the useful energy and the maximal stored energy. For the supercapacitor system, the discharge ratio d scap req is a voltage ratio, which is given as
where W max SCAP req is the maximal energy for supercapacitor bank and W max BAT req is the maximal energy for batteries. The second step consists in determining the cell number necessary to provide the required maximal energy: (10) where N scap req is the necessary cell number for supercapacitor bank and N bat req is the necessary cell number for batteries.
In the next step, the maximal required current for a cell is determined from the following power expression:
where I max scap req is the maximal required current for a supercapacitor cell, and I max bat req is the maximal required current for a battery cell. The last step concerns the determination of the numbers of cells in serial and in parallel while considering the maximal required current and the maximal current acceptable by one cell. In the case where the maximal required current is lower than the maximal current acceptable by one cell, the cell numbers in serial are determined from the network voltage requirement and the cell numbers in parallel are deduced from the required cell numbers. The cell numbers in serial N s scap and N s bat are determined to respect this requirement and must be integers and are expressed as
The cell numbers in parallel N p scap and N p bat should comply with both the energetic requirement and the current limit.
The cell number in parallel for the supercapacitor bank is
with
The cell number in parallel for secondary battery system is
D. Optimization Algorithm
In this section, the optimization criterion is specified, the parameters are highlighted, and the algorithm is detailed. In an aircraft, the objective is to embed storage systems that have the best performances for a minimal weight, which means the best specific energy and power. Therefore, the global storage system weight is chosen to be minimized as a critical one, even if other criteria could have been considered as cost [2] - [4] , [15] or fuel consumption [3] , [20] , [21] for other applications.
1) Expression of the Global System Weight:
For the supercapacitor system, the total weight M SCAP is given in (21) and the battery system's one M BAT is given in (22) . Therefore, the global weight of the storage system M sys equals the addition of
where m scap is the weight of a supercapacitor cell, and m bat is the weight of a battery cell. According to the previous formulas, the total weights for supercapacitor and battery systems can be expressed in the form of six-variable functions:
T ). (24)
2) Setting Parameters: As seen in Section III-C, the first setting parameter of the sizing tool is the cut-off frequency of the low-pass filter. Indeed, the first stage of the algorithm shown in Fig. 4 consists in computing the required maximal power and useful energy for supercapacitor and battery systems according to the cut-off frequency value. This step is carried out with a MATLAB-Simulink scheme, and the cut-off frequency is within the range from 0.1 mHz to 0.1 Hz with an increment of 0.1 mHz. This frequency range is determined by considering the frequency responses of the storage systems, as they are able to provide power during a time between a few seconds and a few hours.
Another setting parameter is temperature. Its influence on cell parameters is taken into account in the algorithm shown in Fig. 4, according to (3)-(5) . In this study, the ambient temperature can vary from −25 to +55°C. As the considered mission stage is the starting time, the EESS temperature is the same as ambient temperature (environment's one).
The last setting parameter is the discharge ratio or depth-ofdischarge for each storage system. These values are expressed in (6) and (8) and can be different for supercapacitor and battery systems. In this study, the battery depth-of-discharge can vary between 10% and 75%. Thus, its discharge ratio range is [0.1; 0.75]. As for the supercapacitor system, its useful energy can vary between 19% and 75%. Thus, its discharge ratio range is [0.5; 0.9]. The maximum ratio is limited to 75% to keep an energy reserve in storage devices to face possible disoperation.
3) Optimization Algorithm: A configuration i is given by the type of supercapacitor cell and the type of battery cell. Each alternative configuration is examined and the values (f C 2 ; d scap req ; d bat req ; T ) are determined so as to minimize the system weight for the configuration i. This problem can be mathematically formulated as an optimization problem and is expressed as
The internal resistance and the capacitance of the supercapacitor cell for the configuration i are denoted by R scap (i) and C scap (i), respectively. The internal resistance and the capacity of the battery cell for the same configuration are denoted by R bat (i) and C bat (i), respectively. The minimal weight of the system obtained for this configuration is denoted by M sys (i).
This optimization problem is solved with the simulated annealing method implemented in the MATLAB function SIM-ULANNEALBND of the Global Optimization Tool-box. This method has been chosen because it is simple to carry out and it finds a good solution relatively quicker, on average, than other optimization methods (random search, descent method, genetic algorithms) we already tested. Anyway, the contribution of our method does not rely on the optimization method used.
This minimal weight is computed for each configuration. Then, the best one (denoted by i best ), which has the minimal weight among all possible configurations, is selected. The type of cells for supercapacitor [R scap (i best ) and C scap (i best )] and battery [R scap (i best ) and C bat (i best )], their discharge ratios (d scap req and d bat req ), their cell numbers in parallel (N p scap , N p bat ) , and in serial (N s scap , N s bat ) , the temperature and the cut-off frequency are determined in this way.
The function (the weight of the system for a given configuration) seems to have many local minima. As the simulated annealing algorithm performs a wide random search, the chance of being trapped in a local minimum is decreased. The simulated annealing is a nondeterministic algorithm, which means that running the method many times may give different results. In our experimentations, to avoid the convergence to a local minimum, we run 100 times the simulated annealing method with random starting points. We specify the bounds of each variable (f C 2 ; d scap req ; d bat req ; T ). The usual parameters are set to default values in the MATLAB function: the maximal number of iterations ("MaxIter" equals +Ý); the maximal number of function evaluation ("MaxFunEval" equals 3000 times the number of variables); and the initial temperature of the cooling system set to 100. The MATLAB function keeps track of the average change in the function value for "StallIterLimit" (here, set to 100) iterations. If the average change is smaller than the function tolerance "TolFun" (set to 10 −6 ), then the algorithm will stop.
For this study, we first concentrate on the model formulation. The setting parameters of the simulated annealing method or the use of another optimization algorithm is not the main core of our problem so far as the optimization problem is easily solvable. Moreover it is a sizing problem and not a real-time problem. Experiments show that the simulated annealing method rarely remains stuck in a local minimum. Indeed, the algorithm accepts all new points that lower the objective (in case of minimization), but also, with a certain probability, points that raise the objective. By accepting these points, the algorithm avoids being trapped in local minima in early iterations and is able to explore globally for better solutions. Further research efforts should focus on computational efficiency for the function evaluation, which is a time-consuming part of the algorithm.
E. Sizing Tool Outputs
The output data of the sizing tool are the following results: the most appropriate cell for each EESS, the cell numbers and their serial or parallel association (N s scap , N p scap , N s bat , N p bat ) , the energetic performances of each EESS (W SCAP , P max SCAP , W BAT , P m ax B AT ), and their electrical and mechanical characteristics, such as storage capacity (C SCAP , C BAT ), internal resistance (R SCAP , R BAT ), weight (M SCAP , M BAT ), and volume (v SCAP , v BAT ). System volumes are given for information. The sizing tool also gives the configuration (f C 2 ; d scap req ; d bat req ; T ) that leads to reach the minimum weight.
V. ASSESSMENT OF THE SIZING RESULTS
In this section, the results of the sizing are presented, and the sizing validity is assessed on the whole temperature range according to both criteria: EESS voltages and states-of-charge.
A. Sizing Results
As explained in Section IV-D3, the function (the weight of the system for a given configuration) has many local minima. Therefore, the sizing tool gives a few solutions. The two best solutions, which correspond to two weights, are reviewed. The first solution leads to a minimum weight of 24.1 kg, and the second one leads to a weight of 26.1 kg.
The first solution is obtained with a combination of 650 F and 4.8 Ah cells and with the following configuration: The cut-off frequency is 8.5 mHz, discharge ratios for supercapacitors and for batteries are 0.54 and 0.74, respectively (which means that the supercapacitor system depth-of-discharge is 71% and that the battery system's one is 74%), and temperature is 7°C. The second solution results from a combination of 650 F and 2 Ah cells and from this configuration: The cut-off frequency is 0.05 Hz, discharge ratios for supercapacitors and for batteries are 0.90 and 0.74, respectively (which means that the supercapacitor system is used at 19% and the battery system at 74%), and the ambient temperature is −4.8°C.
In a previous work [5] , where the algorithm was sequential and where the ambient temperature was set at 25°C, the minimal weight was obtained in the following configuration: the cut-off frequency was 5 mHz, the discharge ratio was 0.5 for the supercapacitor system, and the depth-of-discharge was 75% for the battery system. This configuration, close to the first solution's one, led to a weight of 41 kg. The analysis of the weight distribution between both storage systems showed that the supercapacitor system had a dominating weight. To compare, the previous supercapacitor system is twice as weighty as the one given by the optimized sizing tool described in this paper. This comparison shows the interest of optimizing the sizing by acting on variables, such as the cut-off frequency, discharge ratios, and the ambient temperature.
B. Validation of the Sizing Results
In this section, first, the method to assess the sizing results in the whole temperature range is detailed and then, validation is carried out according to system voltages and SoC.
1) Assessment Method:
To check the sizing results, the behavior of the sized EESS is simulated in response to the typical load profile for a starting phase. A model with both storage systems is implemented, including the simple models of the identified cells, in a MATLAB Simulink file (see Fig. 5 ). As these models were defined from characterization tests at different temperatures [12] , [13] , simulations are carried out on the whole range of temperatures [−25°C, +55°C]. The assessment criteria can be the storage component voltages or SoC.
2) Sizing Validation According to the EESS Voltages: On the one hand, the simulation results are given for the storage systems, as defined in the first solution (which leads to a weight of 24.1 kg). In Figs. 6 and 7, the supercapacitor and battery system voltages are plotted as a function of time (over the load profile duration) and temperature. Storage systems are initially charged, thus their voltage begins at 1 [per unit (p.u.)]. The voltage evolution is in good agreement with the load profile's one, and the influence of temperature is particularly observable on the battery system voltage plot. The red part of the area indicates a system voltage lower than 0.5 p.u., which is considered as the minimum acceptable value, in relation with the boost-converter conversion ratio [see (1) and (2)]. As the results obtained with this first solution are not completely satisfactory, the second sizing result is also assessed.
On the other hand, the simulation results are given for the supercapacitor and battery systems, as defined in the second solution (which leads to a weight of 26.1 kg). In Figs. 8 and 9 , the storage system voltages are plotted as a function of time and temperature. For this second solution, the EESS voltage requirement (upper than 0.5 p.u.) is fulfilled over the mission profile, whatever the temperature is. Eventually, both energetic requirements and environmental constraints are satisfied by this second solution. According to the voltage criterion, the second solution is taken on for the next validation step.
3) Sizing Validation According to the EESS SoC: For the storage system defined as the second solution, SoC are plotted as a function of time (over the profile duration) and temperature in Figs. 10 and 11. In these plots, different points are highlighted.
First, storage systems are initially charged; thus, their SoC begins at 1 (or 100%).
Second, the SoC evolution is in good agreement with the load profile's one: EESS SoC is overall decreasing because they are only discharged, and they recover no power during this starting phase. At the end of the mission profile, both storage system SoCs are higher than 25%. As a reminder, this minimum SoC level was set to keep enough energy to face possible failure. Third, the influence of temperature is observable on the battery system SoC plot. Nevertheless, whatever the temperature is, the battery SoC remains higher than 25%. As for the supercapacitor system, the temperature has no impact on its SoC.
Finally, sizing results are validated according to the "SoC" criterion in the whole temperature range.
C. Validation of the Sizing Results in the Global System
First, the method to assess the performances of the sized EESS in the whole system is detailed, and then, validation is carried out according to bus voltage regulation.
1) Assessment Method:
To check the sizing results, a model of the whole system is implemented in a MATLAB Simulink file, including the sized storage systems and their associated converters for connection to the dc bus. The energy management, described in Section III-C, is also implemented in order to control the dc bus voltage (the cut-off frequency obtained by the sizing tool is implemented). The electrical behavior of the sized storage components is observed through converters in response to the typical load profile for a starting phase. The whole system is shown in Fig. 12 , where energetic macroscopic representation is used to organize the modeling. More details about this representation are available in [22] . Simulation is carried out at the temperature determined by the sizing tool.
2) Sizing Validation According to DC Bus Voltage Control: In this validation step, the second solution is implemented in the simulation file. The dc bus voltage and EESS currents are controlled as in a real system. The dc bus voltage is plotted in Fig. 13 and the EESS currents are shown in Fig. 14 . During the starting phase, the dc bus voltage is well controlled and variations higher than 10% are very short and in accordance with voltage requirements. The energy management is observed through EESS currents. The battery system provides a continuous current with slow dynamic response and supercapacitor system provides power peaks, which is in good agreement with the energy management described in Section III-C. Finally, sizing results are validated in the whole system and respect the energy management expectations.
VI. ANALYSIS OF THE SIZING RESULTS
In Section VI-A, an analysis is suggested in order to underline the influence of the cut-off frequency, the discharge ratios, and the ambient temperature on the global storage system weight. In Section VI-B, an adaptation of the energy management strategy is carried out so as to preserve the battery, whose performances are degraded at low temperatures.
A. Influence of the Setting Parameters on the System Weight
This analysis consists in plotting the evolution of the global system weight according to the identified setting parameters. It is also a way to check if there are many local minima in the function M sys , sum of M SCAP , and M BAT as expressed, respectively, by (23) and (24).
First, it is interesting to plot the evolution of the global storage system weight according to these setting parameters: temperature and cut-off frequency. In this case, discharge ratios are constant and set at their maximum values: 0.5 for the supercapacitor system and 0.75 for the battery system. Fig. 15 shows that there is a minimum area where the global weight is around 25 kg, in agreement with the results given in Section V-A.
Second, the evolution of the supercapacitor and battery system weights as functions of the cut-off frequency and their discharge ratio are given, respectively, in Figs. 16 and 17 . In this case, the temperature is set at one specified value, as, for example, at 25°C. The lower the cut-off frequency, the lighter the battery system, but the heavier the supercapacitor system. Therefore, the optimization algorithm must find the best compromise between both weights. This analysis highlights the necessity to optimize the global system weight because the minimum weight does not correspond to the sum of the minima of both storage systems.
B. Adaptation of the Energy Management
Sizing results given in Section V-B underlined the degradation of battery performances at low temperatures. To avoid premature ageing of the battery system, it could be relevant to study a strategy to adapt the energy management according to the ambient temperature.
As shown in Fig. 11 , the battery SoC is lower than 40% when the temperature is lower than −20°C. To protect batteries on this specific temperature range, energy management (through the cut-off frequency) can be adapted to avoid a SoC that is too low [23] . Then, the cut-off frequency is determined to maintain the battery SoC at 40% in the range [−25°C; −20°C]. Its evolution on this temperature range is determined by polynomial regression (MATLAB function FIT) and is expressed as The evolution of the battery SoC, without and then with the adaptation of the energy management, is shown in Fig. 18 on the last seconds of the mission profile. Adapting the energy management allows one to maintain a battery SoC which is acceptable. The supercapacitor system provides the necessary energy to preserve the battery system at low temperatures. 
VII. CONCLUSION
In MEA, the electrification of embedded network leads to the addition of new EESS. Their sizing is a critical issue and its optimization is mandatory to implement storage systems in some aircraft.
In this paper, a sizing tool based on the simulated annealing method (implemented with the MATLAB function SIMULAN-NEALBND) is presented to minimize the global storage system weight, which is an essential requirement in aeronautics.
This sizing tool includes different inputs, constraints, and parameters, which are summed up in the following. First, a load profile and the energy management to share it out between both storage systems are used in the first part of the sizing tool. Indeed, the load profile represents the power requirements and is a sizing tool input. The energy management introduces a setting parameter for the sizing tool: the cut-off frequency of the low-pass filter. Then, the databases of storage cells from suppliers are integrated in the sizing tool and are also considered as inputs. The technological limits (maximum current, minimum and maximum voltages) for each cell are some of constraints for the sizing tool. On the other hand, the characteristics of the simple models take into account the impact of temperature, which can be considered as a constraint or as a setting parameter. Finally, the electrical architecture, where the storage systems are implemented, is taken into account. This requires voltage bounds for storage device that are in relation with the network voltage and with the characteristics of the converters associated to the storage components. Hence, bus voltage is considered as a constraint and the discharge ratios (voltage ratio or depth-ofdischarge) as setting parameters for the sizing tool.
The optimal sizing results in a cell combination (batteries and supercapacitors) and in parameter configuration. Two solutions are reviewed, and their validity is assessed on the whole temperature range, according to the two criteria: system voltages and SoC. Another validation is suggested by simulating the whole system (EESS and converters) operation and checking that the energy management expectations are reached (especially, the dc bus voltage control). Finally, for the best solution, an adaptation of the energy management strategy is suggested to preserve the battery, whose performances are degraded at low temperature.
Further work will explore the optimal sizing of storage systems and their converters to minimize the weight all of the electrical power chains. Other electrical architectures will be studied, for instance, with two sources (generator and one EESS) either directly linked to the dc bus or through converters.
